Introduction
Impulsivity and self-control are constructs used to describe what is increasingly apparent to be more than one class of behaviors. On the basis of operant and neurobiological experiments in humans and animal subjects, a growing consensus largely agrees on two types of impulsive behavior: impulsive choice or intertemporal choice and what is termed impulsive action or behavioral disinhibition (Evenden, 1999; Winstanley et al., 2006; Dalley et al., 2008; Perry and Carroll, 2008; De Wit, 2009 ). Impulsive choice is the tendency to choose rewards associated with little or no delay to their delivery, while impulsive action refers to the inability to withhold or inhibit a prepotent response. In addition to these two, a third component of impulsivity has been proposed by some investigators. Impulsive preparation or reflection impulsivity, acting before gathering and processing all necessary information, has been argued to encompass impulsive-like responding on a variety of cognitive tasks used in humans and a rodent task called the uncertain visual discrimination task (Evenden, 1999) .
Impulsive choice is typically modeled using delay-discounting procedures that provide choice opportunities between a smaller amount of a reinforcer delivered after little or no delay and a large amount of the same reinforcer delivered after a longer delay (Ainslie, 1975) . Impulsive choice on these procedures is defined as the tendency to choose the smaller reinforcer over the larger, more delayed reinforcer, while self-control is defined as the tendency to choose the larger, delayed reinforcer. Variants of this task are used in both humans and animal subjects, and in humans extensive evidence links delay discounting to impulse-control disorders such as attention deficit hyperactivity disorder (ADHD) (Sonuga-Barke et al., 1992 Schweitzer and Sulzer-Azaroff, 1995; Solanto et al., 2001 ) and substance abuse (Madden et al., 1997 Vuchinich and Simpson, 1998; Bickel et al., 1999; Kirby et al., 1999; Mitchell, 1999; Petry and Casarella, 1999; Odum et al., 2000 Odum et al., , 2002 Petry, 2001; Baker et al., 2003; Coffey et al., 2003; Kirby and Petry, 2004; Dom et al., 2006; Heyman and Gibb, 2006; Reynolds, 2006; Johnson et al., 2007; Monterosso et al., 2007; Reynolds et al., 2007; Audrain-McGovern et al., 2009; Bobova et al., 2009; Jones et al., 2009) . Animal research on impulsive choice could provide valuable insight into these and other impulse-control disorders. For example, altering impulsive choice as expressed on a delay-discounting task with drug administrations could provide preclinical pharmacological evidence for possible treatment medications for impulsecontrol disorders in humans.
As amphetamine and methylphenidate are the two most common pharmaceutical treatments for ADHD, it is not surprising that these have been extensively studied in experiments with rodents behaving on delay-discounting tasks. Systemic methylphenidate treatment typically reduces impulsive choice (i.e. subjects choose the larger reinforcer at longer delays) (e.g. Pitts and Febbo, 2004; Pitts and McKinney, 2005; Van Gaalen et al., 2006; , while treatment with d-amphetamine shows mixed results. In intact subjects, d-amphetamine has been shown to reduce impulsive choice (Wade et al., 2000; Winstanley et al., 2005; Van den Bergh et al., 2006; Van Gaalen et al., 2006; Floresco et al., 2008) , increase impulsive choice (Evenden and Ryan, 1996; Helms et al., 2006) , or have no significant effect (Uslaner and Robinson, 2006; Stanis et al., 2008) . Other investigators have explored these discrepancies further, noting that the effects of amphetamine may depend on whether there is a stimulus present during the delay to the larger reinforcer (Cardinal et al., 2000) , environmental enrichment , or baseline level of delay discounting (Barbelivien et al., 2008) .
Compounds selective for a subset of the five dopamine receptors have been administered to subjects responding to delay-discounting tasks, but sometimes with mixed results. The nonselective dopamine antagonist, flupenthixol, has been shown to increase impulsive choice (Wade et al., 2000; Floresco et al., 2008) . This effect may be due to D 1 -like antagonism or D 2 -like antagonism, as some reports show that the D 1 -like antagonist, SCH 23390, increases impulsive choice while the D 2 -like antagonists, haloperidol and eticlopride, have no effect (Evenden and Ryan, 1996; Van Gaalen et al., 2006) , while another report found an increase in impulsive choice with the D 2 -like antagonist, raclopride, and no effect with SCH 23390 (Wade et al., 2000) . To the authors' knowledge, the only direct dopamine agonist examined for effects on impulsive choice is the D 3 -preferring agonist, 7-OH-DPAT, which increased impulsive choice (Van den Bergh et al., 2006) . In humans, the direct D 3 -preferring agonist, pramipexole, is known to increase impulsive choice in individuals with Parkinson's disease, but not in healthy controls (Hamidovic et al., 2008; Voon et al., 2010) .
As the effects of systemic injections of selective dopamine receptor agonists and antagonists are largely unknown, we administered the most selective dopamine receptor agonists and antagonists readily available to male Sprague-Dawley rats responding to a slight variation of the delay-discounting task described by Evenden and Ryan (1996) . The drugs administered are listed in Table 1 , along with dose ranges and pretreatment durations for each.
Methods Subjects
Twenty-four male Sprague-Dawley rats served as subjects (Harlan, Indianapolis, Indiana, USA). Rats were approximately 10 weeks old at the start of the experiment. A food restriction protocol was in place to maintain the rats at approximately 325 g throughout the experiment. This weight was chosen as it is approximately 85% of the mean adult weight supplied by the manufacturer for this strain, and this weight was not changed once established. When not in session, rats were housed in accordance with Institutional Animal Care and Use Guidelines in polycarbonate cages with fresh water continuously available. The lights in the housing colony were on from 07 : 00 to 19 : 00 h, and sessions were conducted between 09 : 00 and 15 : 00 h. These protocols were approved by the University of Michigan Committee on the Use and Care of Animals and conformed to the guidelines established by the National Institutes of Health Guide for the Use of Laboratory Animals.
Apparatus
Sessions were conducted in rodent operant conditioning chambers with an area of 30.5 Â 24.1 Â 21.0 cm and stainless steel grid floors (ENV-008; Med Associates Inc., St Albans, Vermont, USA). Both sides of the front panel of the chamber held a retractable lever (E23-17, Coulbourn Instruments, Whitehall, Pennsylvania, USA). Between the levers was a food tray connected to a 45-mg pellet dispenser Med Associates, Inc.) . Above both of the levers and the food tray were triple-stimulus lights containing a red, green, and yellow LED (ENV-222M, Med Associates, Inc.). A house light was located near the top of the opposite wall to provide illumination to the chamber (ENV-215M, Med Associates, Inc.). Chambers were connected to a computer running Med-PC IV software (Med Associates, Inc.) to control experimental events and to record data.
Procedure
Rats were trained to respond on a conjoint fixed-time 60 s fixed-ratio 1 schedule of reinforcement, with the active lever alternating each session between the left and right levers once. This schedule arranged one sucrose pellet to be delivered every 60 s independent of behavior, with every lever press also producing a pellet. This was continued for four sessions, at which point the schedule was switched to a fixed-ratio 1 with no responseindependent pellet deliveries. Rats were allowed to respond to this schedule until 80 responses or more were recorded on two consecutive 20-min sessions.
The sessions were then extended to 75 min and split into five components of ten discrete-choice trials each. Total trial duration was 90 s and began with one or both levers extending into the chamber and with illumination of the triple-stimulus lights above the lever(s). If a single response was made within 20 s, the levers retracted, the lights were extinguished, and the consequence programmed for that lever was delivered. If no response was made within 20 s, that trial was recorded as an omission and the levers retracted for the remaining 70 s of that trial. The first two trials of each component were always forced-choice trials where only one lever was extended into the chamber, forcing the subject to sample the contingencies for that component. These forcedchoice trials remained in place throughout the experiment, and the contingencies for each set matched those of the free-choice trials in the same component. The remaining eight trials were free-choice trials where both levers were extended into the chamber, allowing the rat to respond on either of them. The three stimulus lights above each lever were lit whenever that lever was inserted into the chamber, and the stimulus lights above the pellet tray were lit during sucrose pellet deliveries. Initially, the consequences for both levers were immediate deliveries of either one or three 45-mg sucrose pellets, with the side associated with each amount counterbalanced across subjects. This condition was continued until rats chose the three-pellet option on at least 85% of free-choice trials. The three-pellet and one-pellet levers were then switched twice, with each new lever assignment in place until rats responded on the three-pellet option on at least 85% of trials. This process took a mean of 21 sessions (standard deviation = 8.7 sessions). When this training regimen was completed, delays were introduced between responses made on the three-pellet lever and the delivery of the three pellets. During these delays, both levers were retracted and the stimulus lights above the levers were switched off. The delays to the three-pellet option were 0, 10, 20, 40, or 60 s and were always presented in ascending order with one delay in effect in each of the five 10-trial components.
Drug testing began after there was an effect of delay on choices (i.e. choice of the three-pellet option was less in the 60-s condition than in the 0-s condition), and no increasing or decreasing trend in choices was apparent over a period of five sessions. These criteria approximate those proposed by Johnson and Bickel (2008) , which do not presuppose anything about discounting data, other than the idea that delayed rewards should be less reinforcing than immediate rewards. (Other patterns of behavior may suggest that behavior is being controlled by an aspect of the environment other than the delay to the reinforcer.) Sessions were generally conducted for 5 days per week with vehicle injections administered on the first and fourth days of the week, drugs administered on the second and fifth days, and no injections given on the third day, but there was always a minimum of 2 days between drug administrations. Vehicle injections always corresponded to the vehicle for the scheduled drug injection or injections for the following day in number, substance, and time relative to the experimental session. Each session was preceded by a vehicle or drug injection 5 min before the start of the session, with the rat then immediately placed in the darkened experimental chamber. On some days, an antagonist or vehicle injection was administered 30 min before the session, with the rat placed back in his home cage for the intervening 25 min before the agonist or vehicle injection was given, as appropriate. All agonists and the corresponding vehicle injections were administered 5 min before the session. All antagonists and the corresponding vehicle injections were administered 30 min before the session start, except SCH 23390 which was administered 5 min before session start due to its relatively rapid onset and short duration of action (Hietala et al., 1992) . All subjects did not receive all drugs, but each subject did receive all doses for those drugs that were administered. Each drug was tested in 12 subjects except SKF 81297, which was administered to 13 subjects due to experimenter error. The drugs were generally administered in the following order with only slight and infrequent exceptions: pramipexole, sumanirole, d-amphetamine, haloperidol, ABT-724, PG01037, L-741,626, SKF 81297, SCH 23390, SKF 81297 and SCH 23390 combinations, apomorphine, GBR 12909, and L-745,870 . Subjects received an average of 6.5 drug conditions each (range: 4-13).
Drugs
Drugs and dose ranges are listed in . All drugs were dissolved in sterile saline except L-741,626, which was dissolved in 5% ethanol, and PG01037, which was dissolved in 20% b-cyclodextrin. All injections were administered subcutaneously in a volume of 1.0 ml/kg except 56 mg/kg PG01037, which was administered in a volume of 1.75 ml/kg due to solubility limits.
Data analysis
If a subject responded within the limited hold period in at least four of the eight free-choice trials of any component, those data were included in data analyses. Percent choice of the three-pellet lever was compared across delays with the three-pellet option and drug dose with a two-way repeated measures analysis of variance (ANOVA), using Systat SigmaStat 3.5 (San Jose, California, USA). When data were excluded in some components for some subjects due to the stated inclusion criterion, SigmaStat used a Mixed Models ANOVA to assess within-subjects and between-subjects effects on the incomplete dataset. Response latency was measured from the insertion of the response lever or levers into the chamber to a response on either lever within the limited hold period. Latencies were compared across trial type (free-choice or forced-choice) and drug dose with a two-way repeated measures ANOVA with GraphPad Prism 5 (La Jolla, California, USA). If a subject did not respond on either lever during the limited hold period, that trial was recorded as an omission. Omitted free-choice trials were compared across drug doses with a one-way repeated measures ANOVA with Prism 5. Results of statistical tests that were not significant at a = 0.05 are not reported.
Results
A two-way ANOVA was conducted to assess the main effects of delay to three pellets, drug dose, and the interaction of the two for each drug tested. All ANOVAs revealed a highly significant main effect of delay on choices (F, range = 23-45, all P < 0.001), indicating that choice of the three pellets decreased as the delay to this option increased. Individual F values will not be reported for brevity.
Acute pretreatments of d-amphetamine tended to decrease choice of the three-pellet option, but only at shorter delays to the three pellets [ Fig. 1a ; dose by delay interaction F(16,176) = 2.3, P < 0.01]. When the delay was 10 s, three-pellet choice was decreased after administration of 1.0 mg/kg d-amphetamine (Bonferroni-adjusted post-hoc test, P < 0.01). Response latency (Table 2) was not significantly different between forced-choice and freechoice trials and was not affected by pretreatments of d-amphetamine up to doses of 1.0 mg/kg. In addition, d-amphetamine did not increase trials omitted (Table 2) .
Pretreatments of the dopamine transporter blocker, GBR 12909, of up to 10 mg/kg did not significantly alter choices (Fig. 1b) . Response latency and omissions (Table 2) were also not altered.
The nonselective dopamine agonist, apomorphine, had little effect on impulsive choice until a dose of 0.32 mg/kg, at which a sizeable decrease in choice of the large reinforcer was observed [ Fig. 1c ; P < 0.001, dose main effect F(3,128) = 43, P < 0.001, dose by delay interaction F(12,128) = 6.1, P < 0.001]. That dose of 0.32 mg/kg apomorphine decreased large-reinforcer choice to below 50%, such that a majority of responses were allocated to the small-reinforcer option at all delays. This decrease was significantly different from vehicle choice data at delays ranging from 0 to 40 s (all P < 0.001). This pattern of choice was accompanied by an increase in response latency in both the forced-choice and free-choice trials [ Table 2 ; both P < 0.01, dose main effect F(3,66) = 22, P < 0.001, dose by trial type interaction F(3,66) = 2.9, P < 0.05] and an increase in omissions [ Table 2 , F(3,33) = 10, P < 0.001].
The D 1 -like agonist, SKF 81297, dose-dependently decreased large-reinforcer choice, but this effect was limited to the shorter delays (Fig. 2a) . This tendency resulted in a significant main effect of SKF 81297 dose [F(3,138) = 11, P < 0.001] and a significant dose by delay interaction [F(12,138) = 7.6, P < 0.001]. A dose of 0.32 mg/kg SKF 81297 decreased large-reinforcer choice only at the 0 s delay condition (P < 0.01), while choice after 1.0 mg/kg hovered around 50% at all delays, significantly decreasing choice from 0 to 20 s (all P < 0.001). Omissions [ Table 2 , F(3,36) = 4.1, P < 0.05] and response latency [dose main effect F(3,72) = 6.1, P < 0.001, trial type main effect F(1,72) = 4.5, P < 0.05] were slightly increased at 1.0 mg/kg, this effect being most notable during free-choice trials (P < 0.01).
Administration of the D 1 -like antagonist, SCH 23390, produced a selective increase in impulsive choice, with 0.01 mg/kg decreasing choice at moderate delays without affecting choice in the 0 s delay condition (Fig. 2b) . A significant main effect of dose was observed [F(4,152) = 6.7, P < 0.001], with both 0.01 mg/kg (P < 0.001) and 0.032 mg/kg (P < 0.05) SCH 23390 decreasing largereinforcer choice. A significant dose by delay interaction was also noted [F(16,152) = 3.1, P < 0.001]. The effects of 0.01 mg/kg SCH 23390 were selective to the 10 and 20 s delays (both P < 0.001), whereas 0.032 mg/kg SCH 23390 resulted in more indifferent choice and a significant Dopamine and delay discounting Koffarnus et al. 303 reduction in large-reinforcer choice at the 0 and 10 s delays (both P < 0.05). This move toward indifference at 0.032 mg/kg SCH 23390 was accompanied by a large increase in trials omitted [ Table 2 ; both P < 0.05, dose main effect F(4,88) = 7.8, P < 0.001, trial type main effect F(1,88) = 5.0, P < 0.05]. No significant effect on trials omitted was observed across these dosing conditions (Table 2) .
A dose of 0.32 mg/kg of the D 3 -preferring agonist, pramipexole, decreased large-reinforcer choice across a range of delays, leading to a significant effect of pramipexole dose [F(3,129) = 21, P < 0.001] and a significant dose by delay interaction [F(12,129) = 1.9, P < 0.05; Fig. 3a] . A dose of 0.32 mg/kg pramipexole reduced large-reinforcer choice as a whole (P < 0.001), and specifically at delays from 0 to 40 (all P < 0.01).
Response latency [ Table 3 ; dose main effect F(3,66) = 4.7, P < 0.01] and omissions [F(3,33) = 3.4, P < 0.05] were also increased at 0.32 mg/kg pramipexole, with response latency most increased during forced-choice trials at 0.32 mg/kg (P < 0.05).
Large-reinforcer choices were not significantly altered by the D 2 -preferring agonist, sumanirole, up to 3.2 mg/kg (Fig. 3b) . Trials omitted [ Table 3 , F(2,22) = 5.9, P < 0.01] and free-choice response latency [dose main effect F(2,44) = 6.5, P < 0.01] were increased at 3.2 mg/kg (P < 0.05).
There was no significant main effect of the D 4 partial agonist, ABT-724, dose on large-reinforcer choice, but there was a significant dose by delay interaction [F(8,88) = 2.1, 
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Percent choice of the three-pellet lever ( ± standard error of the mean) when that option was delayed from 0 to 60 s as a function of dose of d-amphetamine (a), GBR 12909 (b), or apomorphine (c) pretreatment. Each symbol shape represents a pretreatment dose, and the symbol fill color represents statistical significance of a Bonferroni-adjusted post-hoc test comparing that point to the corresponding vehicle point at the same delay [black = not significant (NS); gray = P < 0.05; white = P < 0.001]. Asterisks appearing near a dose in the legend represent a significant difference from the vehicle condition, independent of delay (***P < 0.001). Selective effects on behavior corresponding to an increase (m) in impulsive choice, and either a decrease in large-reinforcer choice at delay = 0 s or a significant increase in response latency. P < 0.05, Fig. 3c ]. This was due to a small, but significant decrease in large-reinforcer choice after 3.2 mg/kg ABT-724 with a delay of 40 s (P < 0.05). Response latency and omissions (Table 3) were not altered by ABT-724 at the doses tested.
The D 2 -like antagonist, haloperidol, reduced large-reinforcer choice at a dose that also increased response latency (Fig. 4a, Table 3 ). There was a significant main effect of dose on choice [F(3,126) = 5.8, P < 0.01], but no significant dose by delay interaction. A dose of 0.1 mg/kg haloperidol reduced large-reinforcer choice (P < 0.01), and this same dose increased response latency [ Table 3 ; dose main effect F(3,66) = 8.0, P < 0.001]. This increase was observed during both forced-choice and free-choice trials (both P < 0.05). Omissions were not significantly increased at doses up to 0.1 mg/kg.
The D 2 -preferring antagonist, L-741,626, dose-dependently decreased large-reinforcer choice [ Fig. 4b ; F(3,130) = 6.5, P < 0.001] with no significant dose by delay interaction. L-741,626 decreased large-reinforcer choice across delays when administered at 1.0 or 3.2 mg/kg (both P < 0.05). Response latency was increased after administration of 3.2 mg/kg L-741,626 in both forced-choice (P < 0.001) and free-choice (P < 0.05) trials [ Table 3 ; dose main effect F(3,66) = 12, P < 0.001]. Omissions were not increased at the doses tested ( Table 3 ).
The D 3 -preferring antagonist, PG01037, slightly decreased large-reinforcer choice at the highest dose tested (Fig. 4c) . No significant main effect of dose was found, but there was a significant dose by delay interaction [F(12,132) = 1.9, P < 0.05]. The dose of 56 mg/kg PG01037 significantly reduced large-reinforcer choice at a delay of 10 s (P < 0.05). Response latency and omissions (Table 3) were not affected by PG01037 at the doses tested.
The D 4 antagonist, L-745,870, had little effect on behavior at the doses tested. Large-reinforcer choice was not altered (Fig. 4d) , nor was response latency or omissions (Table 3) .
Discussion
In general, doses of drugs that increased response latency or trials omitted also moved choice data toward indifference (50% large-reinforcer choice). A decrease or increase in choice that is independent of delay is not necessarily an increase or decrease, respectively, in impulsive choice. Changes in choice behavior that occur independent of delay may reflect a change in impulsive choice, but have also been conceptualized as an effect on sensitivity to the amount of the reinforcer or an inability to discriminate or adapt to the consequences of responding (Pitts and Febbo, 2004; Acheson et al., 2006) . For these reasons, we viewed effects coinciding with changes in choices in the 0-s delay condition as somewhat ambiguous, and took a cautious approach to identifying selective, potentially clinically-relevant effects. Those effects that coincided with a decrease in large-reinforcer choice at delay = 0 s or that were accompanied by a 
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Percent choice of the three-pellet lever ( ± standard error of the mean) when that option was delayed from 0 to 60 s as a function of pretreatment dose of pramipexole (a), sumanirole (b), or ABT-724 (c).
All other details are as in Fig. 1 . ***P < 0.001.
significant increase in response latency were interpreted more cautiously and noted in the legend of each graph (Â). Doses of compounds that selectively increased impulsive choice by these standards are also indicated (m). Two drugs did affect choice of the large reinforcer as a function of delay without altering response latency or undelayed choice. These drugs are SCH 23390 and ABT-724, and are discussed in more detail below.
The D 1 -like antagonist, SCH 23390, selectively increased impulsive choice at 0.01 mg/kg (Fig. 2b) . This effect has been reported previously at a similar dose (Van Gaalen et al., 2006) , but not on an adjusting-amount procedure over the same dose range (Wade et al., 2000) . The D 4 partial agonist, ABT-724, which has not been previously assessed on a model of impulsive choice, also selectively increased choice of the smaller reward when the larger reward was delayed for 40 s. The importance of dopaminergic systems in impulsive choice is supported by evidence from a variety of experimental approaches. Dopaminergic pathways from the basal ganglia to the prefrontal cortex (PFC) have been identified as abnormal in people with ADHD, as well as involved in choices on the delay-discounting task in subjects (for recent reviews see Winstanley et al., 2006; Bickel et al., 2007) . Functional magnetic resonance imaging scans of people choosing between delayed or immediate rewards show activation of PFC and the striatum, with delayed choices or choices where preference is near to indifference associated with more PFC activation (McClure et al., 2004; Hoffman et al., 2008; Shamosh et al., 2008; Ballard and Knutson, 2009) . Lesion studies in subjects support the involvement of these structures, with the nucleus accumbens (NAc) core and PFC involved in sensitivity to reinforcer size and delay (Cardinal et al., 2001; Kheramin et al., 2002; Winstanley et al., 2004; Acheson et al., 2006; Bezzina et al., 2007 Bezzina et al., , 2008 . Given that ADHD is associated with lower PFC dopamine activity (Ernst et al., 1998) and lower PFC activation during a task involving delayed reward (Rubia et al., 1999) , and that methamphetamine abusers also show lower PFC activity during the delaydiscounting task (Monterosso et al., 2007) , this neural pathway is a plausible target for treatment of impulsecontrol disorders.
Both Ciliax et al., 1995; Gaspar et al., 1995; Mrzljak et al., 1996; Revay et al., 1996; Muly et al., 1998) , and both D 4 and D 1 -like receptors are located in the frontal cortex. D 1 -like receptors are located both on GABAergic interneurons (Muly et al., 1998) and on pyramidal neurons with some projections back to the striatum, among other areas (Gaspar et al., 1995) . D 4 receptors are located primarily on GABAergic interneurons in the monkey cortex (Mrzljak et al., 1996) , but have been located on both GABAergic interneurons and pyramidal neurons in the rat cortex (Wędzony et al., 2000) . distribution in the brain is relatively limited, but includes the PFC (Van Tol et al., 1991) . Methylphenidate has been shown to increase dopamine and norepinephrine in the PFC to a greater extent and at lower doses than in the NAc (dopamine) or medial septal area (norepinephrine) (Berridge et al., 2006) . Added to the finding that D 4 receptors have high affinity for both dopamine and norepinephrine (Wedemeyer et al., 2007) and dopaminergic and noradrenergic mechanisms are involved in the current commonly used ADHD treatments, the D 4 receptor is an appealing target for ADHD treatment.
The effect seen with ABT-724 in this study was small in magnitude, but this could be due to the relatively low intrinsic efficacy of this compound (Brioni et al., 2004) . The selective increase in impulsive choice was also in the opposite direction than would be clinically relevant. Further research is needed to determine if a D 4 ligand could produce a reliable, therapeutically-relevant effect.
Both the agonists (pramipexole and sumanirole) and the antagonists (haloperidol, PG01037, and L-741,626) acting through D 2 and/or D 3 receptors had similar effects. As a whole, these drugs tended to decrease choice of the large reinforcer independent of delay. None had a selective effect on impulsive choice, without affecting choice of the large reinforcer at 0-s delay, although 0.32-mg/kg pramipexole did approach this pattern. The largest decreases in large-reinforcer choice were observed at the intermediate delays (10-40 s), while choice in the 0-s delay condition was less affected. If these effects are interpreted as an increase in impulsive choice, they confirm research in humans that found an increase in impulsive choice with acute pramipexole administration to Parkinson's disease patients (Voon et al., 2010) . Healthy volunteers do not show increases in impulsive choice after pramipexole administration (Hamidovic et al., 2008; Voon et al., 2010) , suggesting that the intact rats used in this study should not necessarily show an analogous effect of pramipexole. In the brain, D 2 and D 3 receptors are found in large numbers in the NAc, but are also found in PFC (Bouthenet et al., 1991) . The core of the NAc has been shown to be involved in accurately assessing reinforcer value in delay-discounting tasks (Cardinal et al., 2001; Acheson et al., 2006) . It is unknown why stimulation and blockade of D 2 or D 3 receptors would have similar effects, however.
Apomorphine had a unique profile of effects on choice, with the first active dose producing a bias toward the lever producing the small reinforcer at all delays to the large reinforcer. Choice of the large reinforcer after administration of 0.32-mg/kg apomorphine was even below 50%, which would indicate indifference. Apomorphine has been shown to produce a robust anorectic effect at this dose (Willner et al., 1985) . However, if apomorphine was causing the sucrose pellets to be unpalatable, it would seem that responding would cease rather than one pellet being preferred. Apomorphine has also been shown to induce perseverative responding that appears disconnected from response consequences (Robbins et al., 1983) or that is punished (Koffarnus and Woods, unpublished observation), which could potentially explain these data. Instances of persistent responding on the lever associated with the smaller, immediate reinforcer have been reported by others (e.g. Cardinal et al., 2001) after manipulations that may have interfered with the ability of subjects to adapt to rapidly changing contingencies (Acheson et al., 2006) . The effect seen in this study appeared to be a transient drug effect, however, as choice patterns quickly returned to typical baseline levels in subsequent drug-free sessions. The reason as to why the subjects tended to perseverate on the response option producing fewer reinforcers in this instance is unknown.
Neither d-amphetamine nor the selective dopamine transporter blocker GBR 12909 selectively increased or decreased impulsive choice at the doses tested. At 1.0 mg/kg, d-amphetamine decreased large-reinforcer choice at shorter delays. Previous research has found an increase, decrease, or lack of effect with d-amphetamine. One study found a decrease in impulsive choice with GBR 12909, which was consistent with the decrease seen with d-amphetamine in that report (Van Gaalen et al., 2006) . The absence of consistent effects with these drugs is curious, although environmental conditions are known to affect the effects of d-amphetamine on this task (Cardinal et al., 2000; .
In conclusion, of the five dopamine receptors, D 1 -like and D 4 receptors appear to be most selectively involved in mediating impulsive choice. Both the D 1 -like antagonist, SCH 23390, and the D 4 partial agonist, ABT-724, increased impulsive choice, which may be explained by their differing locations within the PFC, an area known to be involved in impulsive choice. None of the selective agonists and antagonists tested reduced impulsive choice, so further research is needed to determine if direct dopaminergic agonists or antagonists may be therapeutically useful in the treatment of impulse-control disorders.
